Clinical implementation of functional MRI (fMRI) studies has been hindered by the high prevalence of interimage head motion in patient studies, relative to studies in normal volunteers (1) (2) (3) (4) (5) . Physical restraints are only partially effective in reducing head motion (6) . Retrospective motion-correction algorithms, defined as those performed after collection of all data for a single fMRI run, provide a possible solution to the problem of head motion (1, 3, (7) (8) (9) (10) (11) (12) (13) , but have fundamental drawbacks. These include reliance on interpolation and registration of image data, which introduce blurring and violate the assumption of uniform statistical variance (14) . Also, retrospective motion correction is unable to correct for the disrupted spin history resulting from through-plane motion. Prospective motion correction, defined as correction for subject motion before image acquisition, shares none of these drawbacks and has been demonstrated to improve fMRI results (15, 16) . However, to date, implementation of this technique has been limited to correction of motion in a single plane.
Given the highly flexible anatomy of the cervical spine and craniocervical junction, most head motions during fMRI exams are not oriented precisely about a specific physical axis. Thus, for accurate correction, motions must be detected and corrected concurrently in all three orthogonal planes. The goal of this project was to expand the method for real-time adaptive correction of rotation and translation in a single plane into a method that detects and corrects for rotation and translation in all six rigid body degrees of freedom.
METHODS

Overview
Throughout this work, we attempt to draw a clear distinction between the separate processes of image acquisition and the acquisition of orbital navigator (ONAV) echoes (17) which are not reconstructed into images. With the prospective real-time correction technique, each set of multislice images is preceded by ONAV echoes in each of the three orthogonal planes. Immediately after their acquisition, the navigator signals are processed to determine motion in all three degrees of rotational freedom and three degrees of translational freedom. The image acquisition parameters are then immediately altered to compensate for any rotation or through-plane translation. The time from acquisition of the first navigator echo to alteration of the ssEPI acquisition can be less than 160 msec. Any motion relative to baseline determined from the ONAV acquisitions at the start of the multislice cycle is used to correct all the imaging sections of that cycle. The technique is illustrated in Fig. 1 .
Gradient echo single-shot echo planar imaging (ssEPI) was used for image acquisition throughout this work and multislice axial image acquisitions were used for all experiments. The directional convention adopted defined x as the left-right (L/R) direction, y as the anterior-posterior (A/P) direction, and z as the superior/inferior (S/I) direction along the bore of the magnet. The coronal ONAV has a circular k-space trajectory in the x-z plane, the sagittal ONAV has a circular k-space trajectory in the y-z plane, and the axial ONAV has a circular k-space trajectory in the x-y plane.
Orbital Navigator Echoes
Rotation and translation of an object within a given plane can be measured from the MR signal from an acquisition of a circular k-space trajectory with fixed k-space radius k (17) . If S (k ,) is the signal from the ONAV echo, then the signal of an object rotated through an angle ␣ and translated by (x o , y o ) can be described as
Here, is the azimuthal angle in k-space at the radius k of the ONAV echo and is proportional to the time t over which the echo is measured. The ONAV signals from the first application of each of the orthogonal ONAVs are retained as the baseline signals. For subsequent cycles, the signal measured from each ONAV is compared with its respective baseline signal, and hence interimage head motion can be tracked and corrected throughout the fMRI time series acquisition. From Eq. [1] , rotation is encoded only in the magnitude of the signal. Thus, measurement of any shift in the magnitude yields the detected rotation. Translation is encoded in the phase of the signal and can be extracted through analysis of the phase.
To correct for the detected rotation, the gradient rotation matrix is rotated about the isocenter of the magnet. When the center of rotation of the object is not coincident with isocenter, rotation of the gradient rotation matrix about isocenter results in an apparent translation of the object (16) . Apparent translation is not due to a physical translation of the object with respect to the magnet bore, but rather to translation with respect to its new frame of reference. The sum of the actual and apparent translations is the amount of translation visible in the images, as shown in (16) , and must be corrected. If the phase of the reference ONAV signal, ⌿(), is shifted by the detected angular rotation, ␣, then the apparent translation is encoded in the difference of the phase of the reference ONAV signal and the current ONAV signal, ⌿Ј(), along with any actual translation (18)
Thus, x o and y o represent the sum of the actual and apparent translations in their respective directions and are used to correct the image.
Signal Processing
The ONAV signal processing was performed on a custom high-speed MR fluoroscopy image-reconstruction system (19) , which included an array processor (MC-RACE, Mercury Computer Systems, Chelmsford, MA) and host computer (SPARC5, Sun Microsystems, Sunnyvale, CA) that were interfaced to the MRI scanner (15, 20) . The detected rotation was measured by determining the shift, ␣, which minimized the sum of the squared difference between the reference and current ONAV signals (21) . For each ONAV, once the rotation was detected, a least-squares fitting function was applied to the phase difference from Eq. [2] between the current and reference ONAV signals to estimate the translation within the plane of the ONAV, as described in Grimm et al. (18) .
Implementation of Corrections
After detection of the rotations and translations, the values of the three measured rotations and through-plane translation were encoded in a single variable for transfer to the MRI scanner. These values were then decoded by the MRI scanner, and correction for the rotations and throughplane translation was performed prospectively by appropriate adjustment of the gradient rotation matrix and RF excitation frequency prior to excitation of the subsequent imaging sequence.
Since application of orthogonal rotation matrices is noncommutative, and the angles of rotation were measured about the axes of the original gradient rotation matrix, the standard rotation matrices used to describe rotation of an object do not apply. Instead, the three orthogonal angles of rotation can be considered components of a single rotation of magnitude about the unit vector n , where
and
␣ is the measured rotation about the unit vector ê 1 (sagittal rotation), ␤ is the measured rotation about the unit vector ê 2 (coronal rotation), ␥ is the measured rotation about the unit vector ê 3 (axial rotation), and (ê 1 , ê 2 , ê 3 ) are the perpendicular unit vectors describing the original frame of reference, or in other words, the gradient rotation matrix. If ᑬ(, n ) is the rotation through angle about unit vector n , the new frame of reference (f 1 , f 2 , f 3 ) can mathematically be described as (22) 
Note that this equation reduces to the standard rotation matrices given only one nonzero component of n , and that for a rotation of zero, n is undefined. Thus, the gradient rotation matrix was updated to correct for rotation according to Eq. [4] only when rotation was detected. Correction for in-plane translation was performed retrospectively by applying a phase modulation to the complex data set after row-flipping the even echoes relative to the odd echoes of the EPI data set and before EPI image reconstruction. Correction for in-plane translation in the readout direction could be performed prospectively by adjusting the center frequency of the receiver according to the polarity of each echo of the EPI readout. However, the additional 50 msec necessary to transfer the in-plane translation information is an unacceptable trade-off when no advantage is gained from prospective correction of inplane translation, and near real-time correction can be made on the array processor.
After readout of the first ONAV signal (5.6 msec), the data is transferred from the receiver to the array processor (25 msec). During the data transfer, the second and third ONAV signals are acquired. As the second ONAV signal is being transferred (25 msec), calculation of the rotation and translation of the first ONAV takes place. Likewise, rotation and translation calculations for the second ONAV occur during transfer of the third ONAV signal (25 msec). Calculation of the rotation (3 msec) and translation (3 msec) of the third ONAV takes place after the third ONAV signal has been transferred. Finally, transfer of rotation and through-plane translation values from the array processor to the MR scanner and update of the rotation matrix and slice offset of the subsequent EPI sequence requires approximately 70 msec. Thus, the total time requirement to comfortably include all of the steps from application of the first ONAV excitation to alteration of the EPI imaging parameters is 160 msec.
Phantom
To assess the accuracy of complex motion detection, a phantom capable of applying precisely known rotations and translations in multiple planes was necessary. Our previous studies had only considered single-plane rotational and translational movement (16) . This setup was inadequate for the current work which focused on how the method would perform during combinations of rotations and translations. In addition, the geometry of the older phantom itself was not representative of the human head. Thus, a motion phantom was designed with computercontrolled stepper motors controlling sagittal rotation, axial rotation, and z translation. The imaged part of the phantom was the shape of a human skull which was generated by a CT modeler and then filled with gel. The skull was modeled at 75% scale to reduce the moment of inertia and improve the accuracy of applied axial rotations. Glass rods were inserted into the skull phantom in a three dimensional axes formation to serve as fiducials, with the intersection of the rods located at the center of axial rotation.
Calibration studies of the phantom indicated that motions were performed with an accuracy of Ϯ0.13°for sagittal rotations, Ϯ0.5°for axial rotations, and Ϯ0.2 mm for translations. It should be noted that because of the geometry of the motion phantom, an applied sagittal rotation (␣) moved the plane of the applied axial rotation (␥) out of alignment with the axial imaging plane, such that the applied axial rotation had components in each of the axial and coronal planes, given by ␥ cos␣ and ␥ sin␣ respectively.
Multiple ONAV Pulse Sequence
Previously, we had used an ONAV excitation pulse that was 5 mm thick (16) . This limited slice thickness posed a problem for subsequent ONAVs in that the object "seen" by the subsequent ONAV had a saturation band which essentially served as a stationary fiducial, independent of whether the object had moved. This corrupted the ONAV signal, making detection of motion by any ONAV other than the initial ONAV very poor. We subsequently determined that this problem could be avoided by using an ONAV with slice thickness greater than the imaged object (23) .
For maximum efficiency, it is desirable to keep both the delay between ONAV acquisition and correction ( NAV ) as well as the internav delay (NAV TR) as short as possible (Fig. 1) . Hence, each ONAV pulse will produce some degree of spin saturation which will be present during subsequent readouts in the ONAV sequence. We experimentally identified a flip angle (10°) for gradient-recalled ONAVs which provided optimal SNR and sensitivity to motion in a series of closely spaced ONAVs (23).
Experimental Aim 1
Multiaxis Correction of Complex Motions
The first aim was to assess the sensitivity of the multiple ONAV method to various combinations of simultaneous rotation and translation. The three ONAVs were prescribed as gradient echo sequences with TE ϭ 3 msec, slice thickness ϭ 240 mm, flip angle ϭ 10°, 24-cm FOV, and NAV TR ϭ 11 msec. The values of k for the skull phantom were selected for greatest accuracy for each of the ONAV planes to be 14.65/FOV ϭ 0.61 cm Ϫ1 for the coronal and sagittal planes, and 17.35/FOV ϭ 0.72 cm Ϫ1 . For each test, motions in all six degrees of freedom were measured and compared with the expected motions applied by the motion phantom using the Limits of Agreement (LOA) statistic, defined as the mean difference between the measured motion and the expected motion Ϯ2 standard deviations of the difference (24) . The expected motions for axial and sagittal rotations were the applied rotations in their respective planes. The expected motions for coronal rotations were equal to ␥ sin␣, the component of axial rotation in the coronal plane resulting from the geometrical setup of the phantom. With knowledge of the center of rotation and applied rotations, the expected apparent translation could be calculated. Let X r be the position of the center of rotation ( x r , y r , z r ) with respect to the center of the magnet (0, 0, 0) in the frame of reference of the original gradient rotation matrix, and XЈ r be the position of the center of rotation in the frame of reference of the updated gradient rotation matrix. The apparent translation ⌬X app is the difference between these two values [5] and the expected translation was then the sum of the applied translation and the apparent translation.
In order to assess the consistency of motion detection, several permutations of multidirectional motion were tested. In test 1, for each axial rotation of 0°, Ϯ3°, Ϯ5°, Ϯ10°, the phantom was simultaneously rotated in the sagittal direction at a finer resolution to 0°, Ϯ1°, Ϯ2°, Ϯ3°, Ϯ4°, Ϯ5°, Ϯ7°and Ϯ10°. In test 2, to analyze the generalizability of the results, the sampling resolutions were reversed from test 1 such that for each sagittal rotation of 0°, Ϯ3°, Ϯ6°, and Ϯ10°, the phantom was rotated in the axial direction from Ϫ10°to ϩ10°at a finer resolution of 2°i ncrements. In test 3, for each axial rotation of 0°, Ϯ3°, Ϯ6°, and Ϯ10°, the phantom was translated in the z direction from Ϫ10 mm to ϩ10 mm in 2-mm increments. In test 4, for each sagittal rotation of 0°, Ϯ3°, Ϯ6°, and Ϯ10°, the phantom was translated in the z direction from Ϫ10 mm to ϩ10 mm in 2-mm increments.
Experimental Aim 2
Multiaxis Motion Correction With Two Sets of ONAVs
The second aim was to test the hypothesis that after the measurement of rotations by the three orthogonal ONAVs, rotating the gradients to correct for the measured rotations and acquiring a second set of three orthogonal ONAVs would give more accurate final measurements of rotation and translation. The tests of experimental aim 1 were repeated with the following modification: immediately following the update of the gradient rotation matrix dictated by the first set of ONAVs, a second set of three orthogonal ONAVs was acquired. Both the first and second sets of ONAV signals acquired before the initial baseline multislice image cycle in the time series were saved as reference waveforms. The signals from both ONAV sets 1 and 2, acquired before any subsequent multislice image cycles, were then compared to their respective reference waveforms. Any detected rotation from the second set of ONAVs was added to the detected rotation of the first set, since the rotation detected from the first set had already been corrected. Detected translation from the second set of ONAVs was the absolute translation, since no correction of translation took place between ONAV sets 1 and 2. The sum of the detected rotations from both sets of ONAVs and the through-plane translation measured by the second set of ONAVs were then sent to the MRI scanner to update the EPI acquisition. Because the original ONAV sequence (occupying time NAV of Fig. 1 ) was essentially duplicated, this modification required an additional 160 msec, for a total of 320 msec of acquisition and processing for both ONAV sets.
Experimental Aim 3
In Vivo Anatomic Images
The third aim was to demonstrate that the accuracy of rotational and translation correction in all six degrees of freedom that was demonstrated in the motion phantom could be achieved in vivo. To test this hypothesis, a volunteer was instructed to deliberately perform head rotations with components of rotation in multiple planes at prescribed points in the imaging sequence. The k-space radii for the ONAV acquisitions were determined empirically and set at 13/FOV ϭ 0.54 cm Ϫ1 for the coronal and sagittal planes, and 9/FOV ϭ 0.38 cm Ϫ1 for the axial plane. The multislice EPI scan parameters were TR ϭ 4000 msec and TE ϭ 45 msec, with a 64 ϫ 64 acquisition matrix. In the multislice EPI cycle, two axial anatomical imaging planes were prescribed, the first of which remained uncorrected, and the second of which was corrected for rotational and translational motion. The slices were prescribed such that they intersected the lateral ventricles and had a large enough interslice gap that the uncorrected image did not overlap with the corrected image. Thus, corrected and uncorrected image locations could be compared following the same physical motion.
Effect of ONAVs on fMRI Activation
In order to demonstrate that spin saturation effects due to the ONAV acquisition would not interfere with the detec- The angles of Table 1a show the limits of agreement (mean difference Ϯ 2SD) between the applied rotations and the detected rotations as measures of the precision of rotational detection. The distances of Table 1b show the limits of agreement between the applied translations and the detected translations as measures of the precision of translational detection. Motions in which the magnitude of rotation in all three orthogonal planes was Յ4°and with through-plane translation of magnitude Յ 4 mm were defined as small motions. Motions consisting of rotations of magnitude Ͼ 4°and Յ 8°in any of the three orthogonal planes, or through-plane translation of magnitude Ͼ 4 mm and Յ 8 mm, were defined as large motions. *Statistically significant change in accuracy of detection between ONAV set 1 and ONAV set 2 (P Ͻ 0.001, paired t test).
tion of blood oxygenation level-dependent (BOLD) signal changes, multislice fMR imaging was performed both with and without the ONAV sequence in a single volunteer. The ssEPI scanning parameters were NAV ϭ 320 msec for two sets of ONAVs, TR ϭ 1700 msec, TE ϭ 45 msec, flip angle ϭ 72°, FOV 24 cm with a 64 ϫ 64 imaging matrix, and nine 5-mm-thick axial slices prescribed through the anatomic pre-and postcentral gyri. The stimulus paradigm consisted of an alternating hand, sponge-squeezing task with 6 half cycles and 12 images per half cycle. The fMRI time series were analyzed in AFNI (9), using a crosscorrelation analysis with a sinusoidal function at the primary stimulus frequency.
Real-Time Motion-Corrected fMRI
In order to demonstrate improved detection of activation using the real-time prospective correction method, fMR images were acquired while a volunteer deliberately moved his head at prescribed points in the time series. The ssEPI scanning parameters were the same as above, except with NAV ϭ 520 msec to ensure that all detected rotations were received by the scanner for update before the next images. One fMRI acquisition had correction disabled, but the ONAVs were still executed to record the magnitude of motion the volunteer performed. A second fMRI acquisition had correction enabled. A cross-correlation analysis thresholded at r ϭ 0.6 was applied to both time series. The image set immediately preceding a change in detected motion of greater than 1°in any plane was discarded prior to cross-correlation.
RESULTS
Experimental Aim 1
Multiaxis Correction of Complex Motions
The data from the tests for experimental aim 1 are summarized in the first row of Tables 1a and 1b. The multiaxis ONAV method had subdegree and submillimeter accuracy for combinations of motions defined as "small:" rotations less than Ϯ4°and translations less than Ϯ4 mm. For "large" motions up to Ϯ 8°and Ϯ 8 mm, subdegree accuracy was still observed for the detection of sagittal and axial rotations, and submillimeter accuracy was observed for the detection of x and y translations. However, detection of z translation and coronal rotation were at times inaccurate by more than 1 mm or 1.5°respectively.
Experimental Aim 2
Multiaxis Motion Correction With Two Sets of ONAVs
The data from the tests for experimental aim 2 are summarized in the second row of Tables 1a and 1b. Using two sets of ONAVs, the multiaxis ONAV method had subdegree and submillimeter accuracy for combinations of motions that included rotations less than Ϯ8°and translations less than Ϯ8 mm. Detection of small motions was still more accurate than detection of large motions. Improvements in the detection of coronal rotation and x, y, and z translations from the first ONAV set to the second ONAV set were statistically significant with P Ͻ 0.001 (paired t test). Detection of sagittal or axial rotation was not significantly different between the first and second sets of ONAVs, with P Ͼ 0.05. Figure 3 displays the EPI images of the head phantom for one combination of complex motions, demonstrating accurate reorientation of the glass rod fiducials within the imaging slice.
Experimental Aim 3
In Vivo Anatomic Images Figure 4 shows the in vivo results for a complex rotation. Correction of in-plane rotation is clearly apparent. Through-plane rotation is not as easily visualized in the uncorrected image, but differences in the morphology of the ventricular system and signal dropout near the frontal sinuses are apparent when comparing the pre-and postrotation image pair without correction. Both the throughplane and in-plane rotations have been eliminated in the corrected image pair. Figure 5 shows BOLD activation maps acquired both with and without the ONAV sequence. The similarity in the maps demonstrates that saturation effects from the ONAV acquisition do not interfere with the subsequent detection of BOLD signal. Figure 6 shows BOLD activation maps acquired with uncorrected and corrected fMRI sequences during deliberate, stimulus-correlated motion. In the uncorrected image, false-positive activation in areas other than the anatomical motor cortex is pronounced. This, along with loss of activation inside the motor cortex, makes determination of the true activated pixels difficult. In the motion corrected image, the true activation along the central sulcus is more prominent and the amount of false-positive activation detected in areas other than the sensorimotor cortex is markedly reduced. As a result, motor activation is much more clearly visualized.
Effect of ONAVs on fMRI Activation
Real-Time Motion-Corrected fMRI
DISCUSSION
Interimage global head motion is problematic in all fMRI studies, particularly in clinical implementations. Retro -FIG. 4 . Correction of motion: in vivo anatomic images. Two ordered image pairs (uncorrected, corrected) were acquired to demonstrate real-time correction of complex motion in a volunteer subject. The slices were acquired sequentially at different anatomic locations in a given TR, undergoing identical physical rotations. The appearance of the uncorrected slice (top row) changes after rotation, with in-plane rotation visible from the angle of the midline with respect to the image, and through-plane rotation apparent from the change in signal dropout near the frontal sinuses and the thinner profile through the midpoint of the ventricles after rotation. The appearance of the corrected slice (bottom row) remains the same before and after rotation. The measured rotations were 4°in the axial plane and 6°in the sagittal plane.
spective motion correction algorithms can improve fMRI image results, but have drawbacks including blurring due to interpolation and image transformations, poor registration due to local intensity changes from the BOLD signal (12) , and the potential to introduce false-positive (25) or mask true-positive activation. Through-plane motion presents more serious challenges for retrospective motion correction algorithms, such as aliasing resulting from interpolation in the slice-select direction, disruption of the spin history, and loss of physiologic information due to incorrect combination of data from adjacent slices that may have been acquired several seconds apart in the time series. Pulse sequence modifications to improve the accuracy of interpolation in the slice-select direction may reduce the precision of the slice selection profiles, require overlapping slices, and make the assumption that spin history is spatially independent which may not be true in the presence of long T 1 tissues (26, 27) . Three-dimensional functional image acquisitions would allow for retrospective correction of through-plane motion. However, 3D acquisitions cannot be acquired in a single shot without excessively coarse spatial resolution, and multishot 3D acquisitions introduce the possibility of intraimage artifacts from head movement between shots.
Experimental Aims 1 and 2
Multiaxis Correction of Complex Motions and Multiaxis Motion Correction With Two Sets of ONAVs
The results of experimental aim 2 showed an improvement in the accuracy of the second set of ONAVs over the first set of ONAVs. The reason for this improvement is that each ONAV, like the imaging acquisition it is attempting to correct, is susceptible to through-plane motion problems itself. With the volume excitation, each ONAV samples the k-space of the projection of the imaged object through a given plane. Any rotation orthogonal to the plane of that ONAV changes the projection in that plane, thus altering the ONAV signal. The effect of rotation orthogonal to a given ONAV is that the resulting alteration in the ONAV signal has the potential to degrade the fidelity of the least squares fit both for the determination of rotation and translation. Figure 7a and b demonstrates how the coronal ONAV signal changes in the presence of sagittal rotation. The ONAV signal is not affected by through-plane translation because, as long as the object remains in the excitation volume, the projection does not change.
The second set of ONAVs improved rotational and translational accuracy because the gradient rotation matrix is corrected by the results of the first set of ONAVs. Thus, the projections sampled by each ONAV in the second set better match the projections sampled by the respective reference ONAV, and more accurate detection of rotation and translation can be achieved. Figure 7c shows how updating the rotation matrix to account for sagittal rotation improves the agreement between the coronal ONAV signal and its reference ONAV signal.
The second set of ONAVs also improves measurement of translation because apparent translation in both planes of detection are measured. In each set of ONAVs, translation in each physical direction is measured by two separate ONAVs. For example, z translation is measured by both the coronal and sagittal ONAVs. The average of these values is sent to the MRI scanner for correction of throughplane translation. To continue with this example, if a sagittal rotation occurs, when analyzing the phase of the sagittal ONAV signal, the apparent translation in both the y and z directions is measured by shifting the phase of the reference waveform by the amount of measured rotation, ⌿( Ϫ ␣) from Eq. [2] . This emulates the upcoming change in rotational frame of reference. There is no analogous way to account for the upcoming change in rotational frame of reference for the coronal ONAV because the sagittal rotation is a through-plane motion, and thus the coronal ONAV in the first set is incapable of producing an accurate measure of apparent z translation. This results in discrepancies between the z translation measured by the sagittal and coronal ONAVs. By correcting the gradient rotation matrix after the first set of ONAVs, the rotational frame of FIG. 6. Motion-corrected fMRI. Head rotation was incorporated into an alternating hand, sponge-squeezing activation paradigm (a). Stimulus correlated intentional head rotation occurred four times within the fMRI acquisitions. Two functional MR imaging runs were acquired: one with ONAVs but with correction disabled, and one with correction enabled. Motion was recorded by the ONAVs (b), and was found to be about equal for both the motion-corrected (dots) and motion-uncorrected studies (open circles). In the functional activation maps (c), motor activation is much more clearly visualized in the corrected image (right) than in the uncorrected image (left).
reference has already been corrected when the second ONAV set is acquired, and thus both the sagittal and coronal ONAV signals contain information about the apparent z translation. This example can be generalized to all directions of translation. Figure 7d shows the phase difference of the coronal ONAV after updating the gradient rotation matrix, from which the apparent translation information can then be gleaned.
Although using two sets rather than one set of ONAVs demonstrates an increase in accuracy, using more than two sets of ONAVs is impractical at this time because of the time overhead of the current implementation. When engineering advances, particularly reducing the time required for data transmission from the array processor to the scanner, make additional sets of ONAVs practical, any additional benefit of supplementary sets of ONAVs will have to be weighed against the processing time required.
Incorporating the cumulative record of detected rotation throughout the time series has an additional benefit in that distortion of the ONAV signal due to changes in the projection the ONAV samples is removed continuously, increasing the sensitivity of the ONAVs to future rotations. Also, updating the gradient rotation matrix for the ONAV acquisitions associated with each successive ONAV-image set means that correction of a given rotation occurs only once throughout the time series. Rotation between successive TRs is likely to be smaller, and thus more accurately detected, than rotations which accumulate over the course of an entire fMRI scan.
Experimental Aim 3
Effect of ONAVs on fMRI Activation
The decision to use a low flip-angle gradient echo ONAV with a volume excitation was made to decrease local saturation effects on any subsequent ONAVs. However, this approach also minimizes spin saturation during the EPI acquisition. Measurements made in a phantom show that spin saturation from the ONAV sequence (with two sets of ONAVs) only reduces the SNR of the EPI images by about 4%. This small amount of spin saturation does not seem to have an appreciable negative impact on the sensitivity of the subsequent EPI images to the BOLD phenomenon (Fig. 5) .
The gradient echo ONAV with whole volume excitation eliminates the stationary saturation band which would be induced in the following EPI images by a slice selective ONAV, removing the potential for masking areas of activation in fMRI images by saturating the tissue with the ONAV slice excitation (16) . Hence, it is unnecessary to place the ONAVs in any specific position.
The ONAV FOV did include signal from the neck, which does not move with the head as a rigid body. To date, we have not recognized signal distortion originating from neck signal. However, future implementations will include a spatial saturation pulse to isolate ONAV signal of the head from that of the neck, perhaps providing better in vivo accuracy.
CONCLUSION
In this work we demonstrate the accuracy of a real-time interimage motion correction technique in the presence of complex global head motions. For a time penalty of only 320 msec per 1-4-sec TR, depending on the anatomical coverage desired, corrections of submillimeter and subdegree accuracy can be implemented prospectively. The loss of physiologic information from through-plane motion is prevented because the planes of acquisition are locked to the spatial frame of reference of the moving head. Although early, the results in volunteers demonstrate that real-time in vivo correction of multidirectional global head motion is both technically feasible and effective in improving the detection of task activation by fMRI.
